Abstract Radio interference (RI), as an aftereffect of corona discharge, is an important research topic in the field of electromagnetic compatibility, where excitation function is applied broadly to the prediction of RI level. This paper presents the theory of excitation function method used in the RI level prediction. Then, some practical problems related to this method are discussed. The propagation procedure of corona current is solved by the phase-modal transformation, and the impedance matrix of multi transmission lines is calculated by a double logarithmic approximate model of Carson's Ground-Return impedance. At the same time, in order to calculate the RI level when total line corona is assumed, an analytical formula is deduced for integral operation. Based on the above solutions, an algorithm is presented and applied to the prediction of RI level of a practical overhead transmission line. Comparison of prediction and measurement results indicates that the algorithm proposed in this paper is effective and feasible.
Introduction
Radio interference (RI) as one of the corona aftereffects, is an important factor in electromagnetic compatibility. It comes from many industrial applications, such as welding machine, trolley, high voltage transmission lines and so on. The radio interference caused by corona discharge of high voltage transmission lines, whose frequency is between tens of kHz and several MHz, has a significant influence on the MW band of AM broadcasting and Power-Line Carrier communication system [1, 2] . Because of the need for higher transmission voltages, a lot of researches and surveys have been conducted on radio interference and other corona effects since the middle of the 20th century [3∼5] , based on them several methods are developed for predicting radio interference level [3∼12] . C. I. S. P. R. recommends two basic predicting methods of the RI level. One is an empirical method based on masses of experimental data, while the other is an analytical method based on excitation function [13] . The excitation function method cannot be totally viewed as an analytical method since these functions are obtained from corona cage tests. Even so, the excitation function depends only on the characteristics of space charge, without any relation to the lines geometry [3] . On the other hand, the propagation procedure is also taken into account in the excitation function method. Therefore, the excitation function method shows more advantages than the empirical method [13] , and it is also used flexibly in several kinds of occasions. Thus the excitation function method is of theoretical and practical significance. Several problems need to be solved in practical application of the excitation function method. The calculation of radio interference by using excitation function method is divided into three steps. The first step is to calculate the excitation function and the interference current. The second step is to consider the propagation procedure to calculate the total interference currents when corona occurs on the whole conductor. The phase-modal transformation [7] is adopted in this step to solve the complex propagation procedure expressed by a group of differential equations, which is obtained from the calculation result of the impedance matrix and capacitance matrix. In addition, a complicated integration [4] is calculated to obtain the total interference currents. The final step is to calculate the noise field near the conductor. A practical overhead power line and its RI level measuring data are adopted to verify the feasibility of the prediction method of the RI level presented in this paper.
The theory of excitation function
In multi-wire systems, the corona streamer will induce currents not only in the conductor that produces it but also in all other conductors. These currents depend on the characteristics of the conductor under corona and on the self and mutual capacitance of the conductors, which can be explained by the following analysis.
Consider the situation of a coaxial unit shown in Fig. 1 . A cylindrical conductor with radius r is placed coaxially with another cylindrical conductor with radius R (R > r). The potential difference between the two conductors is supposed to be U .
The interference currents are induced by the movement of space charge in the vicinity of the conductor where corona occurs. Suppose that a space charge of density q 0 per unit length is placed on the cylinder surface of radius ρ within the coaxial element. According to the Gauss theorem, the radial electrostatic field is
where, s represents the distance from the measuring point to the center of the cylinder. The potential difference can be calculated by radial integration of the electric field:
(2) The induced charge is
So, the interference current induced in the conductor can be expressed as
where C is the per unit length capacitance of the two cylindrical conductors. Eq. (4) indicates that the induced interference current is influenced by two kinds of factors. The first one,
, is associated only with the geometry of the conductors, while the other, q 0 ρ · dρ dt , depends on the characteristics of corona streamer (such as the quality, position and velocity of space charges). The second factor is named as excitation function. The excitation function is usually denoted by Γ, then Eq. (4) can be rewritten as
Eq. (5) is not only suitable for the case of coaxial conductors, but it is also suitable for other geometry [3] . As regards multi conductors, i 0 represents the vector of induced currents in Eq. (5), C represents the per unit length capacitance matrix, and Γ represents the excitation function of the conductor on which corona occurs. 
Predication of RI level
The radio interference level of a point is determined by the noise currents over the whole conductor. Therefore, the propagation procedure should be taken into account. The calculation of radio interference level from conductors using the excitation function method can be divided into three steps as shown in Fig. 2 .
a. Calculate the initial noise current density by using the excitation function;
b. Calculate the propagating noise current by using phase-modal transformation;
c. Calculate the noise field caused by the noise currents. Fig.2 The procedure of radio interference
Initial noise currents
As described in the above section, initial noise currents will be induced on all the conductors when corona occurs under high power-frequency voltage. So they can be calculated simply through Eq. (5).
The calculation formula of excitation function is obtained by fitting a large amount of statistic data [5] . The formula of EPRI is
where, g max is the maximum potential gradient on the conductor surface, kV/cm; r is the radius of subconductor, cm. There are some other empirical formulas used for the calculation of excitation function which can also be recommended. For example, both of British Standard BS5049 and China Power Industry Standard DL/T 691-1999 adopt the following empirical formula [14, 15] .
where, n is the number of sub-conductors.
Propagating noise currents
A transmission line can be equivalent to a distributed circuit as shown in Fig. 3 , where Z and Y refer respectively to the impedance and the admittance of per unit length conductor. When currents are propagating on the lines, the performance equation is
For multi conductors, the equation is still tenable where variables are the corresponding vectors and matrixes, respectively. The corona currents propagating on the conductors can be solved independently through modal analysis theory.
It is necessary to note that both the impedance matrix and the admittance matrix of per unit length conductor vary with frequency, and Y × Z is calculated under a specific RI frequency, like 0.5 MHz in this paper. 
Calculation of RI level
The measuring point is so placed as shown in Fig. 4 [14] . According to the relationship between currents and electromagnetic field, if the noise current element of the jth conductor caused by the corona on the ith conductor is supposed to be i ji , the radio interference level caused by noise current element on the ith conductor will be
where,
x is the axial distance from the corona point to the measuring point; z j , y j are the height and horizontal coordinate of the jth conductor; h 1 , y are the height and horizontal coordinate of the measuring point; ρ is the soil resistivity; f is the measuring frequency; µ 0 is the vacuum permeability.
Suppose that corona is occurring evenly on the whole conductor, the radio interference level at the measuring point, when the corona occurs on the ith conductor, can be calculated through integration: 
Modal propagation theory
To solve the propagating equation for each conductor independently, the phase-mode transformation method is usually employed. Suppose that matrix S satisfies
where D is a diagonal matrix, the multi-phase propagating equation can be rewritten as
where
Then matrix S is called transformation matrix. By solving Eq. (11), the mode current at the position of x is
where (λ = α + jβ) is the propagation coefficient, and i 
According to the matrix theories, the characteristic matrix of Y Z matrix (denoted as B) can be used as the transformation matrix, then diagonal matrix D is generated by the characteristic values. Characteristic values and matrix of B can be calculated by solving equations. 
Execution of the integration
Eq. (10) is an integration calculation. As the integrand is an exponential polynomial, an analytical result can be derived.
(16) Substituting Eq. (16) into Eq. (9) yields
where, A im = 30i
The integrand in Eq. (10) is square of a complex modulus, so it is equal to the product of E i (x, y) and its conjugate complex:
3.6 Calculation of the impedance and capacitance matrixes
A Double Logarithmic Approximation of Carson's Ground-Return Impedance [16, 17] is adopted to calculate the impedance matrix of per unit conductors. The formula is:
where, θ = tan
When self-impedance is calculated,
when mutual impedance is calculated,
Capacitance matrix is used to calculate the initial current and its propagation on the conductors. The Maxwell potential matrix can be calculated by using image method:
where, d ij refers to the distances between the ith and jth conductors, D ij refers to the distances between the ith conductor and the image of the jth conductor, which are shown in Fig. 5 ; h i refers to the height of the ith conductor; r eq refers to the equivalent radius of the bundle conductor. The capacitance matrix of transmission lines is the inverse matrix of the Maxwell potential matrix. 
Verification Example
To synthesize the above solutions, the new RI level prediction algorithm is presented comprehensively in this section. The whole calculation procedure can be divided into the following steps:
• Calculate impedance matrix and capacitance matrix from structural parameter of wires;
• Calculate maximum potential gradient of conductor surface;
• Calculate excitation function and initial noise current unit;
• Solve propagating equation of noise current unit by using modal theory;
• Calculate noise field caused by noise current unit;
• Calculate total RI level by performing integration. Based on the algorithm, related software system is established. To verify the algorithm, a practical operating 765 kV transmission line and its RI level data are adopted. (The measurement was conducted by Shannxi Electric Power Research Institute). The structural parameters of the line are listed in Table 1 , and the geometrical layout is shown in Fig. 6 . Some other parameters are also necessary in the calculation. The soil resistivity takes the value of 1000 Ωm, and the resistivity of conductors is set to the value of 29.4 Ω · mm 2 /km.
The comparison of prediction and measurement result is shown in Fig. 7 . The calculation horizontal distribution trend is consistent with the measurement result, and the maximum deviation is within 5 percent.
Besides, the RI levels of several other transmission lines at 20 m from outer phase are calculated and compared with the measured results. The configurations of the transmission lines are listed in Table 2 [15] . The RI level at 20 m from outer phase is shown in Table 3 , which is coincide well with the result presented in Ref. [15] . 
Conclusions
It has been proved that the excitation function is an effective method in the prediction of transmission line RI level. However, there are still some problems to be solved in practice. Thus this paper gives more recommendation for the application of the excitation function.
a. According to the matrix theories, the characteristic matrix of propagating equation can be used as phase-mode transformation matrix. This paper provides calculation formula for the phase-mode transformation matrix.
b. By utilizing properties of exponential integral and complex operation, an analytical formula is derived for the integral operation of the final RI level calculation.
c. The predicting algorithm of RI level proposed in this paper, including steps of calculating electrical parameter matrixes, initial noise current, solving propagating equation and calculating totally RI level, has a satisfactory precision.
